The strain mediated microwave magnetoelectric coupling is studied in bilayers of ferrites with cubic anisotropy and piezoelectrics. The strength of magnetoelectric coupling is determined from data on ferromagnetic resonance frequency shift ⌬f versus applied electric field E. Studies at 6-10 GHz on samples of nickel zinc ferrite and polycrystalline lead zirconium titanate, lead magnesium niobatelead titanate or lead zinc niobate-lead titanate ͑PZN-PT͒ show shifts ⌬f on the order of 30-150 MHz for E =10 kV/ cm. Bilayers of nickel zinc ferrite and PZN-PT demonstrated the highest magnetoelectric coefficient of 5.3 Oe cm/ kV. Theoretical estimates of the frequency shifts are in very good agreement with the data.
I. INTRODUCTION
Layered ferrite-ferroelectric structures are ideal for studies directed at fundamental understanding of high frequency magnetoelectric ͑ME͒ effects and for a variety of device applications. [1] [2] [3] Two types of structures have been studied so far. ͑i͒ ME coupling in bonded bilayers: an electric field E applied to the composite produces mechanical deformation in the piezoelectric phase that in turn is coupled to the magnetic phase, resulting in a shift in ferromagnetic resonance ͑FMR͒ or magnetic modes. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The interaction is based on the fact that magnetic resonance frequency is strain dependent and that the magnitude of this strain dependence is determined by the piezoelectric and magnetoelastic constants. The strength of the interactions is measured from the frequency or field shift in FMR. ͑ii͒ ME interactions in unbound ferrite-ferroelectrics: this is a proximity effect in which hybrid spin-electromagnetic oscillations and waves are formed. [15] [16] [17] [18] [19] [20] Strong ME interactions were measured in both cases. Typical magnetic materials used for the first type ME bilayers are ferrites, such as yttrium iron garnet ͑YIG͒ and barium ferrite ͑BaM͒, due to their small magnetic losses, as well as ferromagnetic alloys, such as Fe 3 O 4 and FeGaB, due to their large magnetostriction. Typical piezoelectric materials are lead zirconium titanate ͑PZT͒, lead magnesium niobate-lead titanate ͑PMN-PT͒, and lead zinc niobate-lead titanate ͑PZN-PT͒ due to their high electromechanical properties.
One may use two techniques for the measurements of microwave ME effects. For a given frequency, an FMR spectrometer and a reflection type cavity were used for bilayers of YIG films of thickness 1 -110 m and PMN-PT. 4 A shift ␦H E in the resonance field was observed for an electric field E across PMN-PT. The ME coupling strength A = ␦H E / E was measured to be in the range 1 -5 Oe cm/ kV, depending on the YIG thickness and orientation of dc magnetic field H. Similar measurements over a wide frequency band could be done with a microstripline transducer. In this method, with the application of a dc electric field E across piezoelectric layer, one observes a shift ␦f E in FMR due to ME interactions. 5 An ME coupling coefficient A = ␦f E / E = 3 MHz cm/ kV was reported for YIG/PZT. 6 The ME coefficient for hybrid oscillations in bilayers of YIG films and barium strontium titanate is found to be of the same order as for FMR. 19, 20 Similar studies have been reported over 1-110
GHz for bilayers with piezoelectrics and ferrites or ferromagnetic alloys. [7] [8] [9] [10] [11] [12] [13] [14] Large ME coefficients up to 100 Oe cm/ kV has been reported for Fe 3 O 4 / PZN-PT, FeGaB/PMN-PT, and Ni 2 MnGa/ PMN-PT bilayers. [10] [11] [12] [13] A composite of ferrite and piezoelectric is attractive for use in dual magnetic and electric field tunable components for microwave, millimeter wave, and terahertz devices ͑see Refs. 3, 8, and 9͒. For example, microwave resonators based on ferrite-piezoelectric layered structures have rapid, narrowband electric tuning and slow broadband magnetic tuning. 5 The magnetic tuning is realized through the variation in the magnetic permeability of the ferrite layer by changing the bias magnetic field. The electric tuning is realized through the ME effect. Ferrite materials having either very weak magnetocrystalline anisotropy, namely, YIG, or strong uniaxial anisotropy, namely, BaM, are usually utilized in the devices.
The purpose of this work is to study the ME effects in the bilayers composed of piezoelectrics and ferrites having cubic magnetocrystalline anisotropy at microwave frequencies. A series of nickel zinc ferrites having chemical formula Ni 1−x Zn x Fe 2 O 4 where x equals 0, 0.1, 0.2, 0.3, and 0.4 were used for the experiments because they have relatively large magnetostriction constants. 21 The piezoelectrics were PZT, PMN-PT, and PZN-PT. The largest ME coupling was demonstrated by the bilayers based on Ni 0.8 Zn 0.2 Fe 2 O 4 ͑NZFO͒ ferrite. Therefore, here we present the results of the detailed investigations carried out for three kind of bilayers, namely, NZFO/PZT, NZFO/PMN-PT, and NZFO/PZN-PT. Section II describes the fabrication of the ferrite-piezoelectric bilayers and the measurement procedure. Section III provides de-tails on the microwave characterization of the bilayers. Section IV discusses the ME interaction in the bilayers. Section V provides a summary and conclusion.
II. FERRITE-PIEZOELECTRIC BILAYERS AND THE MEASUREMENT PROCEDURE
The bilayers were fabricated in the form of ferritepiezoelectric resonators. The ferrite slabs were made from single-crystal rods of NZFO grown by the floating zone method. 22 Then it was characterized by x-ray diffraction in order to determine direction of the crystallographic axes of the single-crystal. After that it was cut to small rectangular samples and polished so that their surface were in the ͑100͒ plane. The fabricated samples had in-plane dimensions of 23, 24 The piezoelectric slabs used in the resonators had a thickness of 500 m and in-plane dimensions of 3 ϫ 3 mm 2 . Both sides of the samples were covered by 5 m-thick gold electrodes in order to apply electrical voltage U. The samples were poled by heating up to 140°C and slowly cooling back to room temperature in an electric field of 4-20 kV/cm. Figure 1 shows a sketch of the experimental structure. The ME resonator was made by epoxy bonding ferrite and piezoelectric. A 0.5 mm-wide and 4 mm-long microstrip transducer was used to excite magnetic modes in the ferrite. The transducer structure was fabricated by conventional photolithography on a 500 m-thick alumina substrate. One end of the transducer was short circuited and the other end was connected to a 50 ⍀ impedance transmission line. The bilayer was positioned over the microstrip transducer with the ferrite side down. A 90 m-thick mylar film was placed between the ferrite and the transducer in order to optimize coupling between them. A bias magnetic field H of 900-1400 Oe was applied in the plane of the bilayer, along the ͓110͔ axis of ferrite.
The experimental investigation was based on the measurements of the bilayer frequency responses for different values of applied electric field E and bias magnetic field H. Namely, reflection spectra S 11 ͑f͒ = 10 log͓P ref ͑f͒ / P in ͑f͔͒, where P in ͑f͒ is an incident power, P ref ͑f͒ is a reflected power, and f is the excitation frequency, were measured in the frequency range 4-12 GHz. Note, that electrodes of the piezoelectric were not transparent for microwave electromagnetic field over the frequency range. Therefore, the frequency responses of the bilayers were determined by the magnetic oscillations in the metalized ferrite samples.
The measurements were carried out in two stages. In stage I, the bilayers were characterized in order to determine the influence of the electrodes on the ferrite microwave properties. To do this we measured the frequency responses of the free standing NZFO sample and the metalized NZFO sample, i.e., with the piezoelectric sample on it. In stage II, the ME interaction in the NZFO/PZT, NZFO/PMN-PT, and NZFO/PZN-PT bilayers was studied for electric field E =0-10 kV/ cm at different values of H.
III. MICROWAVE CHARACTERIZATION OF THE FERRITE-PIEZOELECTRIC BILAYERS
A well-pronounced FMR absorption was observed for bias magnetic fields H above saturation. Figure 2 shows by open circles the FMR frequency f 0 as a function of H for a free standing NZFO sample. It is a linear dependence with a slope ␦f 0 / ⌬H = 3.55 MHz/ Oe. The experimental data are in good agreement with the theory for FMR in ferrites with cubic magnetocrystalline anisotropy. 25 The theoretical dependence f 0 ͑H͒ is shown in Fig. 2 by solid line.
Data on the H dependence of the resonance frequency f 0 measured for NZFO/PZT, i.e., for a metalized NZFO sample is shown in Fig. 2 by solid circles. The frequency f 0 ͑H͒ is higher in comparison with free standing NZFO sample. It is a typical behavior expected of magnetic oscillations in ferrite-metal structures. 25 The frequency shift is found to vary with the bias field H. For example, the frequency shift was 1539 MHz for H = 900 Oe and 953 MHz for H = 1550 Oe. Thus, the influence of the piezoelectric sample on FMR frequency in NZFO sample was similar to that of metalized ferrite because thick electrodes screen the piezoelectric from the microwave oscillations localized in the ferrite. Typical absorption versus frequency profiles measured for NZFO and NZFO/PZN-PT bilayer for H = 1100 Oe are shown in Fig. 3 . Strong coupling of microwave power to free-standing NZFO and NZFO-piezoelectric bilayer was observed in the frequency ranges 6-8 GHz and 8-10 GHz, respectively. In these ranges the peak absorption was of more than 20 dB. The resonance linewidth measured at half-power absorption level was of ϳ330 MHz both for NZFO sample and for NZFO-piezoelectric bilayers and it was almost constant in the whole frequency range of measurements above saturation.
IV. ME INTERACTION IN THE NZFO/PZT, NZFO/ PMN-PT, AND NZFO/PZN-PT BILAYERS
To study the nature of microwave ME interaction in the bilayers we measured the FMR frequency shift ⌬f as a function of the electric field E applied to the piezoelectric. The field was cyclically varied from 0 to 10 kV/cm. The positive direction of the field was chosen to be the same as the direction of the initial polarization of the piezoelectrics. During the measurements, no hysteresis in ⌬f͑E͒ characteristics was observed. Note, that the hysteresis-free behavior is important for the bilayer application. Figure 4 show the measured dependences of the FMR frequency shift ⌬f versus applied electric field E for H = 1100 Oe. As expected, the maximum frequency shift of 150 MHz was observed for NZFO/PZN-PT bilayer because the PZN-PT has the largest value of piezoelectric coefficient d 31 in comparison with the PMN-PT and PZT. The NZFO/ PMN-PT and NZFO/PZT bilayers demonstrated frequency shifts up to 120 MHz and 30 MHz, respectively. For all bilayer structures, the frequency shift ⌬f was a linear function of the applied electrical field E. It is clear from the obtained results that the frequency shift for different bilayers is proportional to the piezoelectric constant d 31 . It ensures the tight bonding of the ferrite with piezoelectrics. Approximately the same values of the frequency shift versus electric field were observed in the whole frequency range of the measurements. Figure 5 shows representative profiles of the resonance absorption for NZFO/PZN-PT bilayer measured for a series of electric field E for H = 1100 Oe. As is clear from the figure, the application of the electric field does not change the shape and there is a small reduction in the peak absorption with increasing E.
Next we discuss the theory of microwave ME effects. We use the effective demagnetization factor method to solve the equation of motion of magnetization. This theoretical approach includes geometrical demagnetization factors N kn m , effective demagnetization factors N kn a due to the magnetocrystalline anisotropy, and effective demagnetization factors N kn E due to the electric field induced stress ͑i.e., due to the ME effect͒. The solution of the equation of motion gives the expression for the variation in the internal static magnetic field ␦H E of the ferrite as a function of the electric field E. Using the linear approximation for the demagnetization factors N kn E , the expression for the ␦H E takes the form
͑1͒
where 
where p S i , p T i , and p s ij are the strain and stress components and compliance coefficients for the piezoelectric, p T ij is the volume-averaged stress in piezoelectric layer, m t and p t are the thicknesses of ferrite and piezoelectric, respectively. In the latter equations, the normal two-index notation is introduced: d ijk = d i , where =1,2,3,4,5,6 corresponds to j =1 and k =1, j = 2 and k =2, j = 3 and k =3, j = 2 and k =3, j =1 and k =3, j = 1 and k = 2, respectively; s ijk = s where ij ⇔ =1, ... ,6, kl ⇔ = 1 , . . . , 6. The components p S i are calculated taking into account the flexural deformations as described in Ref. 13 . The flexural deformations appear since the shearing forces of each layer are not applied centrally and produce bending moments. Substituting the obtained stress components into Eq. ͑1͒ enables obtaining the shift in magnetic resonance line which can be expressed in terms of FMR frequency shift ⌬f͑E͒.
The theoretical estimates of the frequency shift are compared with the data in Fig. 4 . The numerical simulation was carried out for the three bilayers. Numerical values of the parameters used in the calculation were taken the same as for the experimental bilayers ͑see Sec. II͒. Note that no fitting parameters were used. There is very good agreement between the theory and data.
V. CONCLUSION
We investigated the microwave ME effect in bilayers of PZT, PMN-PT, or PZN-PT with single crystal nickel zinc ferrites with cubic magnetocrystalline anisotropy. The largest ME coupling was found for the bilayers based on nickel zinc ferrite of composition Ni 0.8 Zn 0.2 Fe 2 O 4 . The bilayers demonstrated Lorentzian shaped absorption spectra with almost constant resonance linewidth of ϳ330 MHz in the frequency range of 8-10 GHz. The ME coefficients A were measured to be 1.1 Oe cm/ kV for the NZFO/PZT bilayer, 4.3 Oe cm/ kV for the NZFO/PMN-PT, and 5.3 Oe cm/ kV NZFO/PZN-PT. Thus, the bilayers are of interest for use in dual electric and magnetic field tunable microwave devices.
